The total light transmittance of hand lay-up glass fiber-reinforced polymer laminates for building construction was investigated with a view to two architectural applications: translucent load-bearing structures and the encapsulation of photovoltaic cells into glass fiber-reinforced polymer building skins of sandwich structures. Spectrophotometric experiments on unidirectional and cross-ply glass fiber-reinforced polymer specimens in the range from 0.20 to 0.45 fiber volume fraction and artificial sunlight exposure experiments on encapsulated amorphous silicon photovoltaic cells were performed. Analytical models have been developed to predict light transmittance through glass fiber-reinforced polymer structures and the percentage of solar radiation reaching encapsulated photovoltaic cells. The total amount of fibers in the laminates was the major parameter influencing light transmittance, with fiber architecture having little effect and regardless of fiber volume fraction. Eight-three percent of solar irradiance in the band of 300-800 nm reached the surface of amorphous silicon photovoltaic cells encapsulated below structural glass fiber-reinforced polymer laminates with a fiber reinforcement weight of 820 g/m 2 , demonstrating the feasibility of conceiving multifunctional glass fiberreinforced polymer structures.
Introduction
Nowadays glass fiber-reinforced polymer (GFRP) materials are increasingly used in building construction for the design of multifunctional structures. These composite materials allow the integration of structural functions, building physics functions (mainly thermal insulation), and architectural functions (complex forms and color) in single large-scale building components. 1 GFRP materials also allow the fabrication of translucent structural components with high degree of transparency when optically aligned resins and glass fibers are used, 2, 3 i.e. their refractive indices are identical. Moreover, amorphous silicon (a-Si) flexible photovoltaic (PV) solar cells can be encapsulated in the GFRP skins of free-form building envelopes, integrating electric energy production in lightweight and low-cost structures. Reducing the cost of the encapsulation process of PV cells has been a main issue since the early age of PV energy and for this purpose systems using GFRP composites can constitute a valuable option. 4 The integration of PV cells in multifunctional composite elements has begun to be explored recently for high-tech applications in aerospace. 5, 6 However, in such cases, fiber-reinforced polymer composites are used as mechanical support for the PV cells and not as the top encapsulant of the cells. For building applications, recent research has explored the thermal and mechanical feasibility of encapsulating PV cells in the translucent skin of structural GFRP/polyurethane (PUR) sandwich structures, as shown in Figure 1 . 7 However, no optical investigation of the light transmittance through structural GFRP encapsulants was performed in this study. For traditional encapsulants of aSi PV cells, that is, cells covered with a thin layer of ethylene vinyl acetate adhesive and front sheets of glass or fluoropolymers, transmittance ranges from 0.89 to 0.95 were reported by Samuels et al. 8 The light transmittance depends on the energy loss of a beam of light during propagation from one medium to another through a laminate. This loss has three components: reflected light in the interfaces between the external mediums and the laminate and scattered and absorbed light inside the laminate. 9, 10 The reflection of light is the return of radiant energy caused by an interface between mediums with different refractive indices. The scattering of light corresponds to the energy emanating from the beam of light due to the presence of material obstacles in the rectilinear light propagation. Scattered and nonscattered waves may interfere due to a difference in their phases. As a consequence of the superposition of these waves, the energy of the original beam may be reduced. Finally, absorption is the conversion of radiant energy to a different form of energy by interaction with matter. The three types of energy loss-and therefore light transmittance-are wavelength-dependent properties.
Iba et al. 11, 12 proposed a theoretical model for the light transmittance prediction in the direction perpendicular to fiber axis of unidirectional (UD) fiberreinforced composites. Transmittance T of a laminate is calculated according to equation (1) 
where T m is the transmittance of a sample of resin at the considered wavelength, and T c is the normalized transmittance of the composite laminate in the bulk given by equation (2)
where Q ext is an extinction function that depends on the fiber radius, R f , the spectral mismatch of refractive indices, Dn, between resin and fiber in the composite, and the wavelength, l, of light. The other parameters of this model are the thickness, d, of the specimen and the fiber volume fraction, f. The model considers that energy is removed by reflection in the laminate surfaces (considered in the term T m ) and by forward light scattering (interference) due to fibers inside the composite (considered in the term T c ).
As observed experimentally, and modeled by equation (2), light scattering occurs already for a very small Dn and therefore the refractive indices of resin and fibers must be very precisely known. However, in the field of GFRP composites for architectural construction, refractive indices are generally known with an accuracy of around AE0.01, which is significantly lower than the accuracy of AE0.0001 required by the model of equation (2) . 11 Moreover, refractive indices generally depend on the strain level and may also be affected by the fabrication process due to thermally induced strains. 13, 14 The model also does not consider air inclusions and voids, which behave as scattering particles reflecting and deviating light rays and therefore decrease transmittance. The amount of nonwet fibers (fibers not completely immersed in the resin but surrounded by an air pocket) is the most important factor reducing transmittance if the refractive indices of fiber and resin match closely. 15 Finally, load-bearing GFRP components are in most cases cross-ply (CP) reinforced laminates and thus the model, since it is developed for UD reinforcement, is not adapted.
To overcome these limitations, a new analytical model for the total light transmittance prediction of UD and CP hand lay-up GFRP laminates illuminated at near normal incidence is developed. This model is employed for the light transmittance investigation of GFRP laminates used as translucent loadbearing structures and encapsulants of solar cells. In the first application, the percentage of visible light transmitted through GFRP laminates surrounded by air is investigated. In the second application, where the GFRP laminate is in contact with air on one side and laminated onto a solar cell on the other, the percentage of solar irradiance transmitted through the laminate and reaching the surface of a-Si PV cells is studied. 
Experimental procedure

Overview
Polyester resin and E-glass fibers of similar refractive indices were selected for the fabrication of the laminates. The total light transmittance of these laminates, surrounded by air, was investigated by spectrophotometry using an integrating sphere to collect the light transmitted after scattering inside the laminates. Furthermore, a-Si PV cells were encapsulated into GFRP laminates. These PV modules were subjected to standardized artificial sunlight and the short circuit currents were measured. Based on the principles of PV energy conversion, the percentage of solar irradiance transmitted through the laminates and reaching the PV cells was investigated.
Materials
UD E-glass fabrics from Tissa (Oberkulm, Switzerland) with reinforcement weight, w, of 410 g/m 2 were used for the laminate reinforcement. Longitudinal rovings constituted 78% of the reinforcement weight, 17% of the weight corresponded to twisted longitudinal yarns and 5% to transversal yarns. Rovings (reference code ACF407-600) were manufactured by Taiwan Glass Industry Corporation (Taipei, Taiwan). The measured fiber diameter was 12.8 AE 1.3 mm. Yarns (reference code EC9-68-620) were manufactured by AGY (Aiken, United States). The measured fiber diameter was 8.9 AE 0.8 mm. The refractive index of the E-glass fibers, n f , ranged between 1.55 and 1.56 according to Dunkers et al. 16 and Kinsella et al.
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Polylite 420-181 unsaturated polyester resin, manufactured by Reichhold Inc. (Durham, United States), was selected. This orthophthalic polyester resin, designed for translucent GFRP components, has a refractive index, n r , adjusted to match the refractive index of E-glass mats according to manufacturer data sheet. The resin is ultraviolet (UV) stabilized by a BASF Tinuvin Õ additive, absorbing the UV radiation below 380 nm. The resin also has low viscosity (330-360 mPaÁs) making it suitable for hand lay-up lamination. Butanox M-60 organic peroxide from AkzoNobel (Amsterdam, Netherlands) was the catalyst used to initiate the polymerization reaction.
Thin-film flexible a-Si PV cells, manufactured by Flexcell (Yverdon-les-Bains, Switzerland), 18 were used for the fabrication of PV modules. The PV cells were cut from a 482-mm-wide roll of interconnected cells, which were produced by a roll-to-roll manufacturing process with final annealing at 150 C. The structure of the PV cells comprised four different layers of a total thickness of approximately 50 mm. The bottom layer was a polyethylenenaphthalate substrate used as support for the deposition of the three active layers. The materials composing these active layers were aluminum (the bottom metallic contact of the PV cell), a-Si (the semiconductor material of the PV cell), and indium tin oxide (ITO, the antireflective conductive top layer of the PV cell). These PV cells are sensitive to light wavelengths from 300 to 800 nm. The spectral response, SR(l), of the cells is shown in Figure 2 and was obtained from the external quantum efficiency data, EQE(l), given by Flexcell, as described by Patra and Maskell. 19 The data obtained for wavelengths, l, of 350-800 nm were linearly extrapolated to 300 nm.
Specimen fabrication GFRP specimens. UD and CP GFRP laminates with reinforcement weights, w, between 410 and 3280 g/m 2 (from one to eight layers of E-glass fabrics) were fabricated by a hand lay-up process at room temperature (23 AE 2 C). The weight of catalyst mixed with the resin corresponded to 1% of the resin weight. The laminates were cured for 24 h under the same temperature, either as they were produced or assisted by a vacuum bag, and were then postcured for another 24 h at 60
C to obtain fully cured specimens. The former laminates are denominated ''hand lay-up'' and the latter ''vacuum'' in the following. Laminates were manufactured with three different fiber volume fractions: series L with low (0.24 AE 0.03), series M with intermediate (0.32 AE 0.02) and series H with high (0.42 AE 0.01) fiber volume fraction.
Eight UD specimens (reinforcement weight, w, from 410 to 3280 g/m 2 ) and four CP symmetric specimens (of 1230 and 1640 g/m 2 ) were cut from the hand lay-up laminates (one specimen per laminate). Furthermore, one UD and one CP specimen (of 820 g/m 2 ) were cut from the laminates fabricated by the vacuum process. Specimens were labeled according to their reinforcement weight, fiber architecture, and fiber volume fraction, e.g. 1640CP-L refers to the specimen reinforced with w ¼ 1640 g/m 2 of E-glass fibers, with CP fiber architecture and low fiber volume fraction. The nominal specimen dimensions were 120 Â 175 mm 2 for specimens with w 820 g/m 2 and 90 Â 90 mm 2 for the other specimens. Fiber volume fraction and thickness of all GFRP specimens are given in Table 1 .
In addition, one pure resin specimen (60 Â 60 Â 1 mm 3 ) was fabricated and cured without vacuum bag using the same procedure as for the other specimens.
PV modules. Seven PV modules with three serial-connected PV cells in each module were fabricated by hand lay-up at room temperature (23 AE 2 C), as shown in Figure 3 . The PV cells were cut from a roll of interconnected cells and two metallic electric connectors (supplied by Flexcell) were incorporated as the positive and negative terminals for each group of cells. Additionally, a reference non-encapsulated PV module with three serial-connected bare cells was fabricated.
The dimensions and through-thickness components of the PV modules are shown in Figure 4 . The PV modules consisted of three different components: a rectangular glass pane support (300 Â 250 Â 10 mm 3 ), three connected a-Si PV cells (150 Â 50 mm 2 ) and the GFRP encapsulant. One UD layer of E-glass was laminated onto the glass support and the thin PV cells were placed in the wet resin on top of this layer. The upper GFRP encapsulant, also fabricated using 1% of catalyst, was laminated over the PV cells. The fiber architecture and reinforcement weight of the upper encapsulant differed for each module according to Table 2 (from 410 to 3280 g/m 2 in UD and CP architecture). The fiber volume fraction of the GFRP encapsulation could not be controlled during fabrication. Since postcuring at elevated temperature could not be applied in order to avoid the risk of damaging the electronic connectors, the PV modules were cured at room temperature (23 AE 2 C) for 7 days to obtain full cure.
Experimental setup
Spectrophotometry. The hemispherical spectral total light transmittance, T t , of the 14 GFRP specimens was investigated by spectrophotometry with a 152-mm-diameter integrating sphere as shown in Figure 5 . The measurements were performed using a halogen light source (Osram 64642 HLX, 150 W, 24 V, Xenophot Õ ), an integrating sphere (LOT RT-060-SF) and a spectrophotometer (Oriel, model 77400, MultiSpec 125 TM , type 1/8 m) measuring from 400 to 800 nm and connected to a computer equipped with InstaSpec TM II software for signal analysis. The setup is schematically shown in Figure 6 . Optical lenses and a 1-mm diaphragm were used to collimate a beam of light from the source.
The beam was reflected in a plane mirror and then passed through a 5-mm-diameter diaphragm. Specimens were located at the entrance port A and crossed by the beam of light at nearly normal incidence (81 ). The specimens were oriented with the reinforcement rovings forming an approximate angle of 45 with the horizontal plane (see Figure 5 ). Port B of the sphere remained closed. The light passing through the specimen was reflected and uniformly scattered by the sphere's white interior (barium sulfate) coating. Incoming light from point C entered the spectrophotometer where it was split into components of different wavelengths by a diffraction grating. A detector head consisting of photodiode arrays connected to InstaSpec TM II software allowed the amount of light reaching the detector to be computed. Transmittance was the result of a relative measurement with and without specimen on the entrance port A. For each specimen, four measurements at different locations of the specimen were performed and, in the following, the average spectral curves will be presented.
The total hemispherical spectral light transmittance, T t , and reflectance, R, of the 1-mm-thick resin specimen (without fibers) was also investigated. For the total reflectance experiment the specimen was located at port B, with port A kept open. 
Experimental results and discussion
Spectrophotometric experiments
The measured spectral light transmittance curves of the UD specimens are shown in Figure 8 . Light transmittance decreased when the reinforcement weight was increased. However, for the same reinforcement weight, the fiber volume fraction had no influence on the light transmittance, as shown in Figure 9 . The transmittance of UD and CP specimens is compared in Figure 10 . For the hand lay-up fabrication, the transmittance of CP specimens was approximately 4% lower than that of UD specimens. This difference was less than 1% for specimens fabricated by the vacuum process. However, GFRP specimen transmittances obtained with the vacuum fabrication process were approximately 5% lower than those achieved by the hand lay-up process (see Figure 11) . The transmittance and reflectance results of the polyester resin specimen are also shown in Figure 8 . Light absorption in the resin started at 430-nm wavelength and increased linearly until 400 nm. Using another spectrophotometer (Perkin Elmer Lambda 2), measuring regular transmittance from 190 to 1100 nm showed 0.8 that transmittance disappeared completely at 380 nm, from which point the light was absorbed by the UV additive. The spectral transmittance curves of the resin and GFRP specimens were therefore linearly extrapolated to 0 at 380 nm, as shown in Figure 8 . The experimental total transmittance results at wavelengths of 555 and 700 nm, T t,555 exp and T t,700 exp , of the pure resin, UD-L and 3280UD-M specimens are shown in Figure 12 . The 555-nm wavelength approximately corresponds to the maximum spectral response of the PV cells (see Figure 2 ) and the maximum solar spectral irradiance (see Figure 7) . At 700 nm, the maximum values of total transmittance were observed (see Figures 8 to 11) , which, however, were only 0.02 on average higher than at 555 nm. The standard deviations of the four measurements per specimen at each wavelength were small: AE0.02 for specimen 3280UD-M and AE0.01 for the UD-L specimens, indicating good reproducibility and accuracy of the measurements.
Solar radiation flash experiments
The short circuit current, I sc , of a solar cell is directly proportional to the irradiance reaching the surface of the cell. 21 An experimental value of the light transmittance, T PV exp , of the encapsulation system was therefore defined as the ratio between the I sc generated by the encapsulated cells and the I sc generated by the bare cells. The results are presented in Table 2 and Figure 12 . The PV cells with the 1230CP upper encapsulant did not generate any current during the experiment and it was concluded that these cells were damaged during the encapsulation process.
Comparison of experimental results
The light transmittance results obtained from spectrophotometric experiments at 555-nm wavelength, T t,555 exp , and solar radiation flash experiments, T PV exp , are compared in Figure 12 . Both sets of results show that light transmittance significantly decreased when reinforcement weight increased. However, for w > 820 g/m 2 , T t,555 exp decreased much faster than T PV exp . It was concluded that in the spectrophotometric measurements, for w > 820 g/m 2 , not all of the scattered light inside the specimen passed through port A of the integrating sphere. The results obtained from the integrating sphere are therefore reliable only for low scattering specimens and the T t,555 exp results for w > 820 g/m 2 were discarded in the following study. In an ideal laminate with perfectly matching refractive indices and without any air inclusions, the transmittance should be independent of the reinforcement weight and architecture. The observed dependence of the transmittance on the reinforcement weight and, to a lesser extent, on the reinforcement architecture (UD or CP) and fabrication process may be attributed to three effects: (1) Even a small mismatch of the refractive indices of fibers and resin reduces transmittance; this reduction increases with increasing reinforcement weight (but remains independent of the volume fraction). (2) Hand lamination cannot prevent the inclusion of some air pores, which represent a ''material'' (air) with a different refractive index. Locations sensitive to such voids are, in particular, crossings of fibers in CP laminates, which explains the slightly lower transmittance of CP compared to UD laminates. This hypothesis is supported by the lower UD-CP transmittance difference of vacuum specimens. and thus increased the formation of non-wet fibers or microcracks, which explains the slightly lower transmittance of vacuum compared to hand lay-up laminates. As shown in Table 2 , encapsulant 820UD had a transmittance T PV exp ¼ 0.83, which is between 7% and 13% lower than that of traditional encapsulations. 8 The Archinsolar project showed that a 10% loss in efficiency, and therefore a 10% loss of transmittance, is well accepted for architecturally well-integrated PV modules. 22 The slightly lower efficiency of the encapsulation of PV cells into multifunctional GFRP elements with load-bearing capacity presented here thus seems acceptable.
Modeling of light transmittance
Model based on spectrophotometric measurements
A new theoretical model to predict light transmittance through GFRP laminates can be established if the following points are assumed:
. incident radiant flux, P 0 , and transmitted radiant flux, P, are normal to the surfaces of the laminate; . multiple reflections inside the laminate are disregarded; . a loss of transmittance, L(w), occurs inside the laminate, which depends on the reinforcement weight, w, reinforcement architecture, and fabrication process.
According to ASTM E772-11, 23 transmittance, T, is defined as the ratio of the transmitted radiant flux, P, to the incident flux, P 0
Reflectance is defined in ASTM E772-11 as the ratio of the reflected radiant flux to the incident flux. 23 The transmitted radiant flux, P, is therefore
where r in and r out are the reflectance of the first and second air/resin interfaces. For an incident flux normal to the laminate surface and considering Fresnel equations, 9 reflectance is calculated as r in ¼ n r À n a n r þ n a 2 ð5Þ
where n r is the refractive index of resin and n a is the refractive index of air. Thus
where r is the reflectance of an air/resin interface, leads to
Assuming that multiple reflections are disregarded, a total reflectance of R ¼ 2Ár results for a pure resin laminate. Disregarding second-order terms, the transmittance model is given by
where transmittance, T, is spectrally defined since R and L(w) are wavelength dependent. The total reflectance, R, is shown in Figure 8 . To specify the total loss, L(w), the loss at one specific weight, L(w 1 ), (e.g. for one fiber layer) must be known or measured. If a GFRP laminate with reinforcement weight w > w 1 is sliced in w/w 1 layers with constant reinforcement weight, w 1 , in each layer, the total loss is
where L(w 1 ) is denominated ''calibration parameter'' in the following. At 555-nm wavelength R ¼ 0.091 and therefore, according to equation (9) , the model for total light transmittance is given by
where L 555 (w) is the loss of transmittance of GFRP at 555 nm and is calibrated in the following for UD and CP laminates at w 1 ¼ 410 g/m 2 . For UD laminates assuming T t,555 mod ¼ 0.865 (average of four 410UD-L measurements) and w ¼ w 1 , the solution of equation (11) for the calibration parameter at 555 nm is L 555 (w 1 ) ¼ 0.048. According to equation (10) the loss of transmittance at 555-nm wavelength for UD laminates is therefore given by
The transmittance model, T t,555 mod , is shown in Figure 12 and the loss of transmittance, L 555UD , in Figure 13 . The model agrees well with the measured transmittance, T PV exp .
Concerning the CP laminates, no reliable spectrophotometric measurement for w 820 g/m 2 was available. Taking into account, however, that the transmittance of specimen 1640CP-L was 4% lower than that of 1640UD-L and a similar reduction (3%) was measured on the PV modules (1640CP compared to 1640UD, see Table 2 ), the model T t,555 mod of equation (11) was applied for a UD laminate with w ¼ 1640 g/m 2 and the result was reduced by 4% to T t,555 mod ¼ 0.717. Therefore, the solution of equation (11) The L 555CP curve is also shown in Figure 13 . As discussed earlier, the CP laminate losses are higher than the UD losses, which are attributed to the hand lay-up method.
The loss of transmittance, L 555 (w), is also calibrated at l ¼ 555 nm for laminates fabricated by the vacuum process. The calibration parameter L 555 (w 1 ) is calculated from the average measurements performed on specimens 820UD-M and 820CP-M (see Figure 10) . The values of the calibration parameter L 555 (w 1 ) are summarized in Table 3 for different reinforcement architectures and fabrication processes. The L 555UD and L 555CP curves for vacuum fabrication are shown in Figure 13 . As already discussed, the UD-CP vacuum laminate losses are higher than the UD-CP hand lay-up laminate losses.
Model based on short-circuit current measurements
For an encapsulated PV cell, sensitive to light wavelengths in the band from l 1 to l 2 , the transmittance of the encapsulant can be determined according to Samuels et al. 8 as follows
where A is the area of the PV cell (m 2 ), SR(l) is the spectral response of the PV cell (A/W) (see Figure 2 ), T t (l) is the spectral total transmittance of the PV cell upper encapsulant (À), and E(l) is the solar spectral irradiance (W/m 2 Ánm) (see Figure 7 ). The numerator of equation (14) corresponds to the short-circuit current of the encapsulated PV cell and the denominator is the short-circuit current of the bare PV cell. The limits of the integrals of equation (14) are l 1 ¼ 300 nm and l 2 ¼ 800 nm and correspond to the spectral range of the PV cell (see Figure 2) . Equation (14) was evaluated for the four spectrophotometric measurements performed on specimens 410UD-L and 820UD-L; the results are given in Tables 4 and 5 (columns T PV mod ). For encapsulant 410UD-L, T PV mod was 7% lower than T PV exp and for encapsulant 820UD-L this difference was 6%. Good agreement existed therefore between the transmittance measurements of the PV modules and the predictions. The small discrepancies may be attributed to two effects: (1) In the T PV exp measurements the back reflectance, r out , was very small due to the presence of the antireflective ITO layer of the encapsulated cell. Considering a refractive index of 1.90 for ITO and 1.56 for the resin, the reflectance in this interface would result in r out & 0.01 according to equation (6) . 24 The transmittance spectrums, T t (l), used for the calculation of T PV mod , however, were obtained from the integrating sphere where the specimens had air/resin interfaces on both sides with r out & 0.045 (half the value of the total reflectance R in Figure 8) . (2) The transmittance spectrums obtained with the integrating sphere setup, and used in equation (14) , may be slightly underestimated due to a small amount of light scattered by the specimen outside the sphere at its entrance port.
Furthermore, the values of T PV mod are just 6% lower than the transmittance at 555 nm, T t,555 exp (see Tables 4  and 5 T PV mod and T PV exp , the model T t,555 mod of equation (11) can also be used to predict T PV exp and therefore the percentage of solar irradiance reaching aSi PV cells encapsulated in GFRP.
Modeling of mean value of visible total light transmittance
For architectural applications, the GFRP visible total light transmittance, T t,vis , is of particular interest since it allows the creation of translucent structures. Based on ASTM E1175-87, 25 the mean value of visible total transmittance for a given material is
where V(l) is the spectral luminous efficiency function for photopic vision, representing the efficiency of an electromagnetic radiation of wavelength l in producing a visual sensation on the human eye (see Figure 2) . 26 The limits of the integrals in equation (15) correspond to the limit wavelengths of the visual range of spectral sensitivity, i.e. from 380 to 780 nm. The resulting mean values T t,vis for specimens 410UD-L and 820UD-L are given in Tables 4 and 5 and were identical to the transmittance at 555 nm due to the maxima of functions E(l) and V(l) in the region of this wavelength (see Figures 2 and 7) . Therefore, the visible light transmittance of UD and CP laminates is given by
where model T t,555 mod is defined in equation (11) .
Application of existing model
The model proposed by Iba et al. 11, 12 (equations (1) and (2)) was applied at l ¼ 555 nm to the UD specimens of Table 1 
Application to generate spectral transmittance curves
The transmittance model of equation (9) is wavelength dependent and can be used to predict light transmittance, T(l), at any wavelength. Considering the spectral reflectance curve of the resin (see Figure 8 ) and selecting the spectral transmittance curve of specimen 410UD-L as reference, the calibration parameter L(w 1 ) was calculated for the wavelengths in the band of 400-800 nm (see Figure 15 ) and linearly extrapolated to one at 380 nm, from which point the light was absorbed by the UV additive. Based on this result, the spectral transmittance curves of two UD hand lay-up GFRP specimens with reinforcement weights of 820 and 3280 g/m 2 were predicted. The predicted and experimental curves are compared in Figure 16 and agree well for w ¼ 820 g/m 2 . For w ¼ 3280 g/m 2 , however, the predicted transmittance is higher than the measured one. As discussed earlier, this difference is due to losses of scattered light at the entrance port of the integrating sphere. Based on equation (15) , the predicted curves were integrated and the results matched well with the visible light transmittance predictions from equation (16), thereby showing the consistency of the developed analytical model.
Conclusions
The total light transmittance of GFRP laminates for building construction applications was measured and analytically modeled. The following conclusions were drawn: 1. A model for predicting the wavelength-dependent spectral light transmittance of GFRP laminates is proposed, whose predictions compare well with the experimental results. To calibrate the model for other materials, the spectral reflectance curve of a 1-mm-thick pure resin specimen and the spectral transmittance curve of a GFRP laminate are required. 2. The most important parameter affecting the light transmittance of GFRP is the fiber reinforcement weight of the laminate, the transmittance increases with decreasing weight. The fiber volume fraction (for a constant fiber reinforcement weight) has no influence on light transmittance. 3. Small-diameter integrating sphere measurements are reliable for low scattering laminates only. Measurements based on the short-circuit current generation of encapsulated PV cells lead to more accurate values of GFRP light transmittance, particularly for thicker laminates. (11) for UD laminates.
significant reinforcement weight of 820 g/m 2 is used for the covering layer. This drawback, however, can be compensated by the possible integration of PV cells into multifunctional load-bearing components, opening up new possibilities in architectural design.
Further research is required to confirm and extend the obtained results. Initial additional investigations show that curing conditions seem to significantly influence the resulting transmittance. Longer curing durations (gel times) at lower temperatures could not only reduce the temperature in the laminate and the corresponding formation of microcracks, but also improve the quality of the resin/fiber interfaces.
